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A limited investigation was conducted to measure the oxides of sulfur in aircraft :
turbine engine exhaust., The objective was to establish the ratio of sulfur

trioxide (503) to sulfur dioxide (S0;) to be utilized in support of the climatic f
impact assessment program. The S03 concentration was found to be 13.8 percent i
of the SO; concentration as determined by wet chemistry analysis. Sulfur recovered !
in the samples was approximately 50 percent of the total sulfur in the fuel. !
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INTRODUCT LON

PURPUSE,

The purpose o the test results reported herein vas to mcasure the wlfur
trioxide (5u0;) and sultur dioxide (50,) in aircraft turbine engine exhaust
and to establish the Tatio of 505 to Su_.

BACKGRUUND .

Ihe quantity of suliur oxides emitted by aircratt urbine engines is low
because ut the sulfur limits {mposed on commercial jet-A fuel. Sulfur wvas
considered to be 4 prablem in the early development of turpo-jet engines
because hot turbire componerts were susceptible to sulfur corrosion. Jet-A
fuel specification limits the quantity ot sulfur to 0.3 percent by weight.
The actual sulfur content 1a jet=A fuel, however, is significantly less than
the limit with average values generally ranging froa 0.04 to G.12 percent by
weight, Sulfur dioxide emissions from turbine engines vary from 3 to 10
paris per million (ppm) and are almost totally i function of the sulfur con~
tent of the fuel (reference 1), Calculations in support of the work show that
the minimum sulfur dioxide emissions from turbine engines reported herein is
less than ) ppm.

The investigation of 50, and S0; was conducted in support of the climatic
impact program and required the establishment of the S0; to $0p ratio,

Sulfur trioxide exists as a gas above 625" F ard as temperaturs is decreased,
the gas combines with surrounding moisture and becomes suliuric acid (H2S04)
mist., Experimental results reported in reference 2 show that for low con-
centrations of SOj the acid dewpoint is significantly less than a temperature
of 625° F,

Measurement of SU; in turbine engine exhaust had been unsuccesaful to date.
The severe sample conditions, consisting of a high~temperature gas stream

at or near a dynamic pressure equivalent to Mach 1, has prevented the collec~-
tion of samples by conwentional methods. Sulfur trioxide or H;50; samples
should he collected with a quartz~_ined probe and a glass sumple train of
filters and scrubbers to prevent chemical reaction with the msaterials in
contact with the sample and permit recovery of the acid mist by washing the
collection train,

DISCUSSION

ANALYTICAL MEASUREMENT METHODS.

Msasurement methods employed wet chemistry involving the assessment of color
changes or intensities produced by sulfur oxide chemical reactions. A mod-
ified West-Caske method was utilized for S0 messuresent. This method vas

1
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selected because ol its ade;uate sensitivity and accuracy in the SO, concen-
tration ranve of turbine en,ine cxhaust, The method imvolves ther collection
ol exhaust yas saoples in a scrubber with sodium tetrachloromercurate. To
provide intormation concerniag required flow rates and to assure a maxig.m
tlow rate, twoe modificd trecnburg=toith impingers in sertes cach contafning
100 milliliters of sodium tetrachlorowercuraté were used in the sample colle -
tion train. Pararosaniline in hrdrociori. acid and formaldehyde solutions
were dadded tollowing sanple acquisition. The intensity of the color change

irom clear to red vivlet dopends un the quantity of 5Gy present. . abscrbe=.r

(optical density) ot the sample was ncasured at 360 nenoneters. The quantiLy
of 80) was Jetermined in relation to a blank and from the calibration. The
standard West-Gaeke rethod, retlerence 3, was modified to eliminate nitrogen
dioxide interference, reterence 4, Ly the addition’ ot 0 a6 percen: suliuric
3cid to U.1 moinr sodium t;trachloromercurate.

Test method 3, reference 5, was cmploved for determination of S0 or sulfuric
acid mist from samples collected in turbine engine exhaust, The sample train
consisted of a Z-inch glass filter followed by two modificd treenburg=Smith
impingers in series each cuntaining 100 milliliters of four~to~one proportion
of isopropancl to water. Two impingers were used to determine the maximum
sample flow rate and to assure collection of all of the samples in the f{irst
«mpinger. Total sample flow was 2.9 cubic feet at a flow rate of 0.225 :ubic
feet per m'nute. The samples were processed by adding two te four drope

of thorin indicator and titrated with barium perchlorate from yellou to a
atable pink color,

DESCRIPTION OF EQUIPMENT.

A TF30 nixed-flow turbofar engine served as the test vehicle for this
investigation. The engine was modified by removing the afterburner assembly
and installing a fixed-urea jet nozzle. Test conditions were salected at
maximum continuous power where the engine developed $,800 pounds thrust, used
6,000 pounds per hour of jet-A fuel, and pumped 222 pounds per second of air.
The tuel contained 0.05 percent by weight of sulfur.

The sample probe assembly, 3 feet in length, was constrﬁcted oi'l-inch
diameter by 0.065-irch wall, stainless steel with a quartz liner and incor-
pora.ing an electrical heating element and 2 thernocnuple. Maximum nperating
temperature of the probe was 800° F, ‘

A 2-inch stainless steel tip tumed 90° was installei on the slnple end of
the probe and a 28/15 millimeter (mm) outer spherical blll joint of‘qunttz
was on the outlet end,

The sample train (figure 1) was located 2.5 feet under the engine jet exhau-t
nozzle and consisted of a 90° Pyrex adapter with 28/15 mm inner ball joints for
connecting the probe to the glass filter., Filters of glass fiber were used

in a 2-inch glass filter body. "U" shaped glass adapters with 28/15 mm joints
were employed between the outlet of the filter and the inlet of the first
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modified Greenburg-Smith frrivect and between the outlet of the firse impinger
and the {nlet o1 the secend i«::;;“in_.;‘-‘r'. Tiw ceshaust from the scecond irpinpger
wis routed anto the control roor where the ow was throttled, the rate set

10 4 rotometer fndication, und the valume measufed With o wet Lest awter.

The impingers were chilled in o 4=incn deep ice bath for sample acquisition.

SAMPLE AUQUIsiitan,

The glass sample train and the impingers and filters, in particular, were
designed to operate under sample pressures less than atmospheric.  Fxhaust
pressure of the TF3IN engine at maxinur continuous power was 27 iaches of
mercury above atmospheric or 56,9 inches of mercury absolute.  Under this
pressure, the bubhler or stopper, with wide rubber band restraint, will rise
out 2f the impinger bottle with resultant gas sample leaks. This problem ;
was reduced in intensity by safety wiring the stopper to the bottle similar
to the wire on a wine c¢orx and bottle, As somé leakage was obierved, even
with safety wire, the test and sample collection procedures were changed to
reduce the pressure. Engine stabilization in meode prior to sample acquisi-
tion was eliminated and the sample flow was started immediatély upon accelera-
tion to the maximum continuous power conditions to release the pressure to

a level where the safety wire and clamp-supported seals could be maintained.

The second problem was to ecliminate glass breakage resulting from the forces
exerted on the sample probe by pressure, vibration, and high-noise levels.
Two ball joints were installed between the probe and the glass filter to
facilitate alignment and thereby minimizing these problems. The impingers
were shock-mounied on a 4-inch thick sheet of styrofoam in the ice bath.:

TEST RESULTS

The sample probe was preheated and maintained at a temperature of 550 F,

Tests of the prohe and filter were negatfive in regard to collection of

sulfuric acid, and was tkerefore concluded that the samples consisted of

80,. cample flow and collection procedures were modified as required for - .
collection of t total sample in the first impinger. Three S03 measurements

of the samples collected in the first impinger were each 0.3 ppm. Two S0
measurements were 2.13 and 2.37 ppm, which averaged 2.24 ppm. The concentra- .
tion of SOj was 13.8 percent of the SO; concentration. The total S0, plus

504, was 2,56 ppm. Sulfur balance calculations were accomplished based on

the fuel containing 0.15 percent by weight of sulfur as determined by analysis

of the fuel. For one-engine-operating-hour at maximum continuous power, an
equivalent of 2.997 pounds of sulfur in the fuel was consumed by the enginc.

The total mass of air and fuel per operating hour was 805,377 pounds. Using

13.8 percent 503-to-50; and assuming that all of the sulfur is oxidized, sul-

fur balance calculations indicate that the exhaust contained an average con-
centration of 0.4 ppm S03 and contained an average concentratiom of 2.9 ppm

SO2 for a total of 3.3 ppm. Based on these figures, the sulfur recovired in

the sample was 77 percent of the total sulfur in the fuel. :

4
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Yabsequent to the corlevtion and seasetoront of sulfuy ovides, detailed trave-
o aes conducted acress the exhaust plare 0 the P3P enpine meassrod exbiust
pas temperdtufes and emissions indludine carbon dicside (02} This xnfnr:4—>
tion is utilized in this analvsis. The peing of sample aequisition was
selecied iR Felefenoe Lo u 208 Lemperatare 6 excess of 625° F. The sample
point is oshown on e iseo-therm map of tipure 2 and is in an exhaust gis
temperature location of 1,190 R, The iseo-emission map of €0y is shown in
tigure 3. At the samnle point, the GO0 concentration is 2010 percent while
the traverse sverage 330 05 1.33 percent.  Since the pollutants in th. evhosust
of turbine envines are generally distributed in the sume pattern as the Lo,
it is assumed that the sulfur ouxides are alse distributed in patterns similar
to that of (02, A correcticn of traverse civerape Cop divided by the concentirse
tion of €Oy 4t the sample point is applied ro the total measured 503 nlus 50 ;
to establishi a sulfur oaide concentration representing the average for the
entire exhaust:?

(1.35/2.10) ¥ 2.5 = 1.65 npr

The measured sulfur oxides as corrested is then 1,65 ppm less than that of the
sulfur balance, and the sulfur recovere? was 3 percent of the sulfur in the
fuei. The sulfur which was not measuv.Jd could have consisted, in part, of
sulfides, suliates, and sulfur. ‘
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SAMPLE POINT

TEMPLRATURE VA LULS INDICATE ARE IN DEGREES RANKINL

F'GURE 2.  ISO~THERM MAP AlD SULFUR OXIDE SAMPLE POINT




SAMPLE POINT

CO‘Z VALUES INDICATED ARE IN PERCENT

FIGURE 3, CO2 ISO-EMISSION MAP AND SULFUR OXIDE SAMPLE POINT




CONCLUSTONS

It is coacluded that:

1. The oxides of sulfur in aircraft turbine engine exhaust include delELtlblL
quartities of sulfur trioxide. :

2. Although the oxides of sulfur can be measured by wet chemical methods,
acrquisition of the sample in aircraft turbine engine exhaust by these methods
require further developm«nt :

3. The severe sample collection environment and the low concentration of sul-'
fur oxides in turbine engiue exhaust plusthe limited scope of this investigation
resulted in a low total sulfur recovery. ~
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